In order to assess the influence of recent modifications in cardiac catheterization technique and patient management, a prospective study of all complications in a series of 1160 
ing, particularly if there was considerable variation in the patient's heart rate. Consequently, we have designated as minimum" the incidence of those complications that were particularly subject to underreporting.
The great majority of patients had the usual spectrum of congenital cardiac disease although a few had acquired cardiac disease (3%c), no cardiac disease (2% ), or pulmonary disease (l%).
The age distribution of the patients is shown in figure 1 .
The large number of neonates under four weeks and infants four weeks to one year is apparent. Very few infants and children who were catheterized were classified as severely ill. Most were in the clinically well, mildly ill, or moderately ill categories. The moderately ill included patients with marked hypoxemia or refractory congestive heart failure. In contrast, most of the neonates were moderately or severely ill at the time of catheterization; many were in extremis and included desperately ill babies who required assisted ventilation and other life-supportive measures. In order to facilitate comparison we have used the definitions of major complications that were used in the Cooperative Study. These are summarized in table 1A . We have supplemented this with a tabulation of minor complications not associated with any prolonged or serious clinical disturbance and these are listed in table lB. The number of major and minor complications in each group is included.
Deaths
With two exceptions, all deaths during or within 24 hours after catheterization occurred in neonates, i.e., under four weeks of age. Consequently, our experience with neonates deserves special attention.
Invariably, emergency catheterization was performed in neonates because they were extremely sick or it was anticipated that they might undergo rapid Age distrib-ution of patients in the present study and 
Mildly ill neonates
There were 82 patients in this group, with one death. This occurred in a three-week-old patient with Down's Syndrome, endocardial cushion defect, and mild congestive failure. The patient had recovered from a recent episode of diarrhea and had mild metabolic acidosis at the time of catheterization. This acidosis was corrected with intravenous sodium bicarbonate, and the catheterization was uneventful but 24 hours after catheterization, the patient was found dead in her crib. Autopsy demonstrated no cause for death. Although no relationship to catheterization could be established, it is possible that the patient had a fatal arrhythmia.
Moderately ill neonates
There were seven deaths in this group; five occurred during or soon after emergency cardiovascular surgery. One of the other two deaths occurred in a two-day-old infant with Ebstein's malformation, patent ductus arteriosus, pulmonary insufficiency, tricuspid insufficiency and a right-to-left atrial shunt. There were 13 brief episodes of supraventricular tachycardia during the catheterization but this was not associated with clinical deterioration of the patient. Two hours after completion of the catheterization study, increasing cyanosis, bradyeardia, and progressive acidosis suddenly developed. This was not responsive to intensive medical therapy and the patient died. The second patient who died was threeCirculation, X'olrn7e .50, September 1974 PEDIATRIC CARDIAC CATHETERIZATION Table 1 Complications of Cardiac Catheterization Atrial flutter-fibrillation 6 6 Ventricular tachycardia 4 5 Ventricular fibrillation 6 6 Sinus Bradyeardia Atrial flutter occurred once in each of four patients. Each episode was associated with some degree of A-V block with normal or slightly increased ventricular rates and no symptoms. The episodes were all brief (1-8 min) . Two resolved spontaneously, one ended with induction of ventricular ectopic beats, and one with icewater instilled through an intragastric tube.
Atrial Fibrillation This arrhythmia occurred in two patients. One episode was brief and self-limiting; the other responded to intravenous propranolol which was given after the arrhythmia had persisted for 15 min.
Ventricular Tachycardia
Many patients had multiple (three or more) ventricular ectopic beats in series when the catheter was touching an irritable portion of the myocardium. In almost all instances withdrawal of the catheter promptly resulted in cessation of the ectopics. These episodes were not classified as ventricular tachyeardias for the purpose of this study. Only those instances in which the ectopic beats persisted after catheter withdrawal were classified as ventricular tachycardia. In four patients, there were five episodes of ventricular tachycardia. Three of these episodes were of very brief duration, lasting 5-10 sec and each resolved spontaneously. One of the three episodes occurred transiently after defibrillation for ventricular fibrillation and two were initiated while manipulating a catheter in the right ventricle. The remaining two episodes occurred in a critically-ill newborn with meconium aspiration. The first episode occurred while the patient was being prepared on the catheterization table and a second occurred during catheter manipulation. Both episodes responded to countershock.
Ventricular Fibrillation
There were six brief episodes of ventricular fibrillation in six patients, five of whom were less than six months of age and were receiving digitalis. Three episodes occurred while manipulating in the right ventricle and two occurred during treatment of PAT in patients with pre-excitation syndrome. One resulted when ventricular ectopic beats were being produced by manipulation of the catheter in the right ventricle and the other occurred following countershock; this was the only complication of countershock and it occurred in a patient not on digitalis. The other episode of ventricular fibrillation was in the moribund 12-hour-old infant described in the section on deaths and occurred after an aortogram in the descending aorta. All six episodes responded promptly to countershock, and the duration of each was less than one minute. Surgical exploration was deferred because of the child's rapid improvement and the lack of knowledge of the site of perforation. It was thought that the hemorrhage was the result of either perforation of the right atrium or superior vena cava while trying to curve the balloon catheter in order to pass it into the left atrium. More recently the problem of curving the tip of the earlier septostomy catheters has been obviated by the use of Fogarty dilation catheters with a preformed bend at the tip.
Perforation of the heart during injection of contrast material did not occur in any patient in this series, but there were several instances of intramyocardial injection of contrast medium (myocardial staining). Minimal stains without ST or T wave changes were not recorded as complications. There were two moderate stains and one severe stain associated with transient ST and T wave changes lasting 10, 15 , and 30 min, respectively.
Catheter Problems
There were no instances of complete catheter knotting. A heretofore undescribed catheter problem occurred in a 41/2-year-old boy.. During the course of a retrograde arterial catheterization from the groin a 5F NIH catheter became lodged in the left coronary artery and could not be withdrawn. There were no electrocardiographic changes; however, traction on the catheter resulted in bilateral neck pain. A thoracotomy was performed and gentle traction along the inner curve of the aortic arch was applied simultaneously with traction on the distal catheter; this resulted in its release. Examination of the catheter showed that the varnish coating had cracked and the tip formed an acute angle. The latter had probably stuck in the coronary artery and prevented withdrawal.
Six minor catheter problems were related to the use of balloon catheters. In each the balloon had burst but did not cause any problems. There was no loss of rubber mass in any case. Two of the catheters were of the Swan-Ganz type and were filled with carbon dioxide. Since we have limited the volume to 1.5 ml of gas in 5F Swan-Ganz catheters we have had no further balloon ruptures. The remaining four balloon ruptures occurred during atrial septostomy. A total of 40 balloon septostomies were performed during the study period. Each of the septostomy balloons were filled with diluted contrast material; however, a small bubble of gas invariably remains within the balloon. Because the latter may conceivably result in air embolism we recommend inflating the balloon with CO2 and deflating it before filling it with contrast media.
Infections
One major infection and four reported minor infections occurred. The major infection involved the artery and is discussed in the section on arterial complications. Of the four minor infections, one patient had a staphylococcal wound infection and cellulitis that responded dramatically to antibiotics. An additional three patients had minor superficial infections requiring brief therapy. It is likely that this figure for incidence is low, as minor infections developing after discharge might have been treated by the primary physician without our knowledge. There were no cases of bacterial endocarditis. Antimicrobial prophylaxis was not used routinely, but only when there was concern about sterility, e.g., a broken glove.
Allergic Reactions
Although there were no serious allergic reactions related to cardiac catheterization, there were three minor allergic reactions. All were urticarial eruptions, two of which were generalized. Generalized urticaria occurred immediately after angiography in one child and was probably a reaction to the iodinated contrast media. The other generalized urticaria occurred during partial exchange transfusion done during catheterization of an infant with coarctation of the aorta, congestive heart failure, and anemia. Both eruptions responded promptly to intravenous diphenhydramine hydrochloride. The third patient had a mild, localized urticarial eruption around the site of premedication injection which resolved spontaneously.
Three patients had moderate elevations of temperature (39-39.5°C rectal) following catheterization. The fevers began within one hour after the procedure and lasted up to ten hours. These may have been pyrogen reactions; however, the possibility of fever of dehydration cannot be excluded. In each case fluids had been withheld for a number of hours and 2-3 ml/kg of contrast were administered at catheterization.
Embolism
There were no instances of pulmonary or systemic embolism during or after cardiac catheterization.
Cardiac Complications
Typical hypoxic episodes with hyperventilation, irritability, a marked increase in cyanosis and depression of consciousness occurred in two of 55 patients at risk of developing these episodes, viz., those with ventricular septal defect, severe pulmonic stenosis, rightto-left shunting, and no aortopulmonary shunt or an inadequate one. Fifteen of the 55 patients had previous histories of hypoxic episodes while an additional 13 squatted, seven tired easily, and 20 were cyanotic but without symptoms.
Both hypoxic episodes occurred in the early part of the study when 24 patients with tetralogy of Fallot received our customary premedication, meperidine 1 mg/kg, and hydroxyzine hydrochloride 1 severe symptoms than those receiving meperidine and hydroxyzine (table 8) . Infants under 6 months received no premedication and also had no hypoxic episodes during catheterization.
Previously it had been noted that passing a catheter into the pulmonary artery might compromise a very stenotic outflow tract and might lead to a hypoxic episode.9 Although the pulmonary artery was entered in one of the two patients with hypoxic episodes, it was also entered in an additional 31 patients without incident. Furthermore, the length of time the catheter remained in the pulmonary artery was greater in patients receiving morphine premedication as pulmonary arteriograms were frequently obtained.
It is our impression that morphine as premedication is useful in preventing hypoxic episodes in patients prone to develop them.
Pneumothorax
Pneumothorax did not occur in this series.
Bleeding
Although small blood losses were common at catheterization, large blood losses were infrequent. Blood losses sufficient to require transfusion occurred in six patients. In two, the losses were the sequelae of severe arterial complications described in that section (infected arteriotomy and venous graft). An additional patient had separation of a femoral vein and substantial blood loss occurred while the proximal end was sought and ligated. Another three neonates had significant blood loss around a catheter in an isolated femoral vein; bleeding occurred primarily during crying, i.e., when venous pressure was elevated. Similar Oxygen administration has been customary in management of infants with severe cardiorespiratory distress. Recently, the potential risks of increased arterial oxygen concentrations causing constriction of the ductus arteriosus in infants with certain cardiac lesions such as aortic or mitral atresia, aortic stenosis, aortic arch interruption, and coarctation of the aorta, have been stressed. 14 We have therefore not increased inspired oxygen concentrations in infants in whom these diagnoses are suspected, unless it is quite obvious that systemic arterial oxygen pressure is reduced to levels below 30-35 mm Hg. When systemic arterial oxygen pressure remains below this level in spite of oxygen administration, there is little risk of constricting the ductus, as it begins to constrict at oxygen pressure levels of 35-40 mm Hg. 4 Radiographic contrast media accounted for many of the complications and several deaths in the Cooperative Study. '5 16 Complications included arrhythmias, pulmonary edema, cerebral, and renal complications. The risks of oliguria or anuria were greatest in infants, particularly those with reduced systemic blood flow. Ho and coworkers showed a clear relationship between type of contrast media used and mortality, meglumine derivatives proving safer than sodium derivatives." The lack of contrast complications in the present study probably was the result of using meglumine-containing contrast medium and limiting the total amount of contrast agents. We use Renografin 76 and generally do not exceed an amount of 4 ml/kg body weight in children, 3 ml/kg in infants, and in premature infants 1.0-1.5 ml/kg. The risk of renal complications seems to be particularly high in premature infants; therefore the contrast medium is diluted to a concentration of about 40% with isotonic saline before it is injected into the aorta or left ventricle. If the amounts indicated have been used and further angiographic studies are strongly indicated, we check radiographically if the bladder is well filled with contrast medium, indicating it is being excreted rapidly, and after a 20-30 minute delay, proceed. Since the amount of contrast agent should be kept to a minimum, it is important to limit the number of injections given. The availability of biplane angiography is crucial, since it avoids the need for more than one injection at a site. Also availability of instant replay of the angiogram is very important so that the adequacy of an injection can be assessed and the optimal sites for additional injections can be evaluated. We consider the use of biplane cineangiography with recording on video discs and replay through two separate television monitors as the most suitable arrangement.
Perforation of the heart was a fairly frequent complication and also a cause of death in infants in the Cooperative Study. This complication has been almost completely avoided in our laboratory by using rather soft catheters in infants. The Elecath catheters have relatively large lumens and are quite flexible but can readily be manipulated and are the preferred catheters for use in infants under about three months. In instances where manipulation of a catheter is difficult or produces marked arrhythmias gas-filled balloon catheters (Swan-Ganz) are very effective and in small infants the #74F catheter has been most useful.
In patients with aortopulmonary transposition with intact ventricular septum, this is the preferred method of catheterization of the pulmonary artery, as it is simple, rapid, and does not induce arrhythmias.
We have commented on some of the modifications in technique and approach to catheterization in regard to specific complications. We would like to stress that misconceptions of the incidence or seriousness of complications were quite frequent among the individuals in our group. It is thus most important for each cardiac catheterization laboratory to record carefully all complications and to assess these repeatedly. Although experience of other groups is helpful, continuous analysis of one's own technique and experience is crucial for modifications and improvement.
